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Introduction {#sec1}
============

Immune attacks occur after successful retinal transplantation and are a barrier to such transplantation, despite the existence of ocular immune privilege ([@bib11], [@bib16], [@bib18]). Corneal transplantation is not only the most frequently performed solid-organ transplantation in the world but it is also the most successful. In contrast, there is little trustworthy information available regarding immunological mechanisms in retinal transplantation. However, whether it is necessary to use retinal transplantation to treat severe retinal diseases is presently being reconsidered since stem cell transplantation is now one of the options for their treatment. We recently reported successful transplantation of retinal pigment epithelial (RPE) cells established from induced pluripotent stem cells (iPSCs) to treat a patient with age-related macular degeneration (AMD) ([@bib10]).

Over a decade ago, the first clinical trial for human retinal disorders used human allogeneic RPE cells; since these were allografts, the patients suffered immune rejection after surgery ([@bib1], [@bib2], [@bib24]). In another study, autografts of RPE cells were accepted by AMD patients after surgery ([@bib22]). In addition, we recently reported that explanted iPSC-derived RPE cells (autografts) survived, and no immune inflammation occurred in the retina after transplantation ([@bib10]). In animal models using human fetal RPE cells ([@bib14]), which were xenografts, the monkey or rabbit models displayed immune rejection and the graft did not survive. Thus, RPE cells serve as targets of immune rejection after allogeneic transplantation.

Graft rejection after transplantation has generally been considered primarily as a manifestation of cellular immune responses, especially of T cells. However, a role for antibodies produced by B cells has been suspected in cell/tissue transplantation, and antibody-mediated rejection has emerged as an important cause of graft failure ([@bib3], [@bib4], [@bib23]). Alloantibody-medicated rejection has been widely recognized in organ transplantation ([@bib3], [@bib23]), and antibody-mediated rejection has been characterized by donor-specific antibodies, particularly anti-human leukocyte antigen (HLA) antibodies. However, antibody-mediated rejection may occur as a result of other donor-specific antibodies ([@bib4]). In a corneal study, although B cells and alloantibodies did not seem to be necessary for corneal graft rejection ([@bib5]), these antibodies could produce extensive injury to corneal allografts in mouse models ([@bib6]). We recently reported that iPSC-derived RPE cells invoked immune responses in the retina of major histocompatibility complex (MHC)-mismatched donors after transplantation in animal models. These data indicated that there are inflammatory immune rejections around RPE grafts and retinal tissue damage, together with inflammatory cell invasion, T cells, retinal microglia, and antigen-presenting cells (APCs) in the retina, subretinal space, and choroid ([@bib19]). However, to our knowledge, there has been no report of the existence of B cells or alloantibodies around retinal allografts after transplantation.

The purpose of this study was therefore to investigate whether allogeneic RPE cells derived from iPSCs (iPS-RPE cells) invoke immune attacks including B cell invasion in the retina. We used an *in vivo* animal model with monkey iPS-RPE cells as allografts. We further examined whether there is B cell activation in blood cells and lymph nodes of these animal models with allogeneic iPS-RPE cells. In addition, we determined whether alloantibodies in the serum collected from monkey graft recipients could be detected in an immunofluorescent assay using the transplanted iPS-RPE cells as antigen.

Results {#sec2}
=======

Allogeneic iPS-RPE Cells from Monkey iPSCs Are Immunogenic and Invoke Inflammatory Cell Infiltration in the Retina in *In Vivo* Animal Models {#sec2.1}
---------------------------------------------------------------------------------------------------------------------------------------------

In the present study, we used six *in vivo* monkey animal models as operated monkeys and two normal monkeys as controls. We first transplanted allogeneic iPS-RPE cells into monkey eyes in MHC-mismatched donors (cynomolgus monkeys without immunosuppression). MHC profiles of the transplanted monkeys are shown in [Table S1](#mmc1){ref-type="supplementary-material"} and those of the monkey iPS-RPE cells are described in a previous report ([@bib19]). Inflammation (=immune rejection) was evaluated by color photography of the fundus, fluorescein angiography (FA), and optical coherence tomography (OCT) after vitrectomy at 1, 2, 4, 8, 12, and 16 weeks and at 6 months after transplantation ([@bib8], [@bib19]).

There were signs of immune rejection in the allografts of the MHC-mismatched monkeys (46a iPS-RPE cell sheets into TLHM1 normal monkey eyes; [Figure 1](#fig1){ref-type="fig"}). For example, explanted RPE cell sheets exhibited a scar-like appearance ([Figures 1](#fig1){ref-type="fig"}A and 1B), and fluorescein leakage was detected in the sheet grafts in FA ([Figures 1](#fig1){ref-type="fig"}C and 1D). In addition, a retinal mass-like lesion around the graft was detected in OCT ([Figures 1](#fig1){ref-type="fig"}E and 1F). We also histologically examined whether the models transplanted with iPS-RPE cells had inflammatory cells by conducting H&E staining and inflammatory cell immunohistochemistry (IHC) of paraffin-embedded retinal sections. In IHC analysis, the retina in the TLHM1 monkey was stained with anti-MHC class II (MHC-II), ionized calcium-binding adapter molecule 1 (Iba1), and CD3 antibodies. In H&E staining, although the RPE sheet transplanted into the TLHM1 monkey was in the subretinal space, the sheet exhibited hypertrophic changes such as a mass (nodule) with infiltrating cells seen in the right eye ([Figure 1](#fig1){ref-type="fig"}G) and a mass of infiltrated cells in the retina of the left eye ([Figure 1](#fig1){ref-type="fig"}H), indicating immune rejection features in the allografts. The IHC analysis indicated that there were numerous MHC-II^+^ cells (activated APCs; [Figures 1](#fig1){ref-type="fig"}I and 1J), Iba1^+^ cells (amoeboid-type activated microglia; [Figures 1](#fig1){ref-type="fig"}K and 1L), and CD3^+^ cells (T cells; [Figures 1](#fig1){ref-type="fig"}M and 1N) in the inflammatory lesions.Figure 1Allogeneic Transplantation of an iPSC-RPE Cell Sheet into the Subretinal Space of an MHC Haplotype-Mismatched Immune Rejection Animal Model(A--F) Transplantation of the 46a iPS-RPE cell sheet into the subretinal space of a TLHM1 monkey (allografts, both eyes). The right eye at 16 weeks (4 months \[4M\]) and left eye at 4 weeks (4W) after surgery are shown. Color photographs of the fundus (A, right eye; B, left eye) and fluorescein angiography (FA) (C, right eye; D, left eye) indicated inflammation (a scar-like sheet and also graft leakages in FA \[arrows\]). Optical coherence tomography (OCT) (E, right eye; F, left eye) showed cell infiltration (arrow) into the subretinal space. Inset in the OCT image indicates the fundus image.(G) At 6 months, the right eye of the TLHM1 monkey was H&E-stained for histological interpretation. The RPE sheet was in the subretinal space; however, the sheet exhibited hypertrophic changes such as the appearance of a nodule (arrow) with inflammatory infiltrating cells in the eye. Scale bar, 50 μm.(H--N) In H&E analysis, (H) the transplanted RPE sheet had disappeared from the subretinal space, and cell infiltration into the retina of the operated left eye was seen (arrow). Scale bar, 50 μm. Photographs of the retina in the right eye at 6 months are labeled with anti-MHC-II (I), Iba1 (K), or CD3 antibody (M) and co-stained for nuclei with DAPI. Left photographs, light microscopy; right photographs, immunofluorescence. Numerous MHC-II^+^ cells were seen in the choroid, and amoeboid-type Iba1^+^ cells were also seen in the retina. Many CD3^+^ T cells had invaded into the inflammatory nodule. Scale bars, 20 μm. IHC analysis in the left eye at 4W indicated that numerous MHC-II^+^ cells (J), amoeboid-type Iba1^+^ cells (L), and CD3^+^ T cells (N) had invaded into the retina. Nuclei in the right photographs were co-stained with DAPI. Scale bars, 20 μm.

Similarly, in the case of another allograft transplantation (TLHM6 monkey; 46a iPS-RPE cell sheets into the right eye), signs of immune rejection of the graft in the retinas of both eyes were found in FA, OCT, H&E, and IHC analyses ([Figure S1](#mmc1){ref-type="supplementary-material"}). Thus, as reported previously ([@bib19]), there were signs of rejection of allogeneic iPSC-derived RPE cells in a normal monkey that had ocular inflammation after transplantation without immunosuppressive medication.

Animal Models with Allogeneic iPS-RPE Cells Have IgG and B Cell Infiltration in the Retina {#sec2.2}
------------------------------------------------------------------------------------------

We next examined whether the eyes of models transplanted with iPS-RPE cells have inflammatory B cells. We immunostained retinal sections with anti-immunoglobulin G (IgG), CD20, and/or CD40 antibodies. In the sections from a normal healthy monkey (without operation), there were no CD20- or CD40-positive cells in the retina, and, although there was weak staining of IgG in the choroid, there was no IgG staining in the retina (data not shown).

In contrast, in TLHM1 rejection monkey eyes, there was enhanced staining of IgG around the RPE grafts in the retina ([Figure 2](#fig2){ref-type="fig"}A) and host RPE layer ([Figure 2](#fig2){ref-type="fig"}B), as well as the presence of retinal infiltrating cells (probably B lymphocytes; [Figure 2](#fig2){ref-type="fig"}E) in the transplanted eyes. In addition, there were numerous CD20^+^ cells (B cells; [Figures 2](#fig2){ref-type="fig"}C, 2D, 2F, and 2H) and CD40^+^ cells (activated B cells; [Figures 2](#fig2){ref-type="fig"}C, 2D, 2G, and 2H) in the inflammatory lesions. Although there were no CD20^+^ B cells and little IgG staining ([Figure S2](#mmc1){ref-type="supplementary-material"}) throughout the retinal sections from the DrpZ17 monkey (MHC haplotype-matched), we did observe CD20^+^ cells, CD40^+^ cells, and IgG in IHC analysis in cases of transplantation of another RPE allograft into the eye of MHC haplotype-mismatched TLHM6 ([Figure S1](#mmc1){ref-type="supplementary-material"}) and S3-2 ([Figure S2](#mmc1){ref-type="supplementary-material"}) monkeys. Importantly, there were numerous CD20^+^ and CD40^+^ B cells around iPS-RPE graft cells in the eye of TLHM6 monkeys ([Figure S1](#mmc1){ref-type="supplementary-material"}).Figure 2Immunohistochemistry for IgG and B Cells in a TLHM1 Rejection MonkeyPhotomicrographs show labeling of the TLHM1 retina in monkeys grafted with iPS-RPE cell sheets into both eyes with anti-IgG, anti-CD20, and/or anti-CD40 antibodies. Cell nuclei were counterstained with DAPI (blue). Enhanced staining of IgG was seen around the iPS-RPE cell sheet graft (A, arrow) and host RPE layer (B, arrow) in the right eye. Many CD20^+^ cells were seen in the retina, and CD20^+^/CD40^+^ double-positive cells (yellow, activated B cells) were also seen in the retinal nodules (C, arrow). These double-positive cells were also seen in the retina and under the host RPE layer (D, arrow). In the left eye, IgG^+^ cells (probably B cells) were seen in the retina (E, arrows), and CD20^+^ cells were also seen under the host RPE layer (F, arrows). In addition, many CD40^+^ activated B cells had invaded into the retina (G, arrow), and CD20^+^/CD40^+^ double-positive cells were also seen in the retina (H, arrow). Scale bars, 20 μm.

Moreover, we also showed results for xenografts (human iPSC-derived RPE cells into K-189 monkey). In order to locate the immune attacks, we performed IHC staining for IgG, B cells (CD20), and T cells (CD3). Similar to the results of allografts, transplanted human iPS-RPE grafts were rejected, and the monkey had B cell invasion, as well as T cells, in the retina ([Figure S3](#mmc1){ref-type="supplementary-material"}). These results suggested that there are alloantibody-mediated immune attacks against iPSC-derived RPE cells (both allografts and xenografts) in the retina, in addition to the presence of T cells and APC inflammation ([@bib19]).

Lymph Nodes in Animal Models with Allogeneic iPS-RPE Cells Have B Cell Invasion {#sec2.3}
-------------------------------------------------------------------------------

We next evaluated B cells in the lymph nodes (LNs) of monkeys after iPS-RPE transplantation. After monkey sacrifice, we collected LN tissues from the neck and ear of S3-2 and DrpZ17 monkeys. The results of transplantation of S3-2 (MHC haplotype-mismatched; rejection in eyes) and DrpZ17 (MHC haplotype-matched; no rejection in eyes) monkeys were previously reported ([@bib19]). We then performed H&E staining of LN sections and conducted IHC for CD20^+^ B cells. Numerous lymphoid cells were observed in the LNs from the neck of the S3-2 monkey, and the LNs were actually swollen ([Figure 3](#fig3){ref-type="fig"}A). In contrast, although the LNs from the neck of the DrpZ17 monkey also included lymphoid cells, these neck LNs were not swollen and appeared to be of normal size ([Figure 3](#fig3){ref-type="fig"}B). Similarly, we found lymphoid cells in the ear LNs in the S3-2 monkey ([Figure 3](#fig3){ref-type="fig"}C) but not in those of the DrpZ17 monkey ([Figure 3](#fig3){ref-type="fig"}D). IHC analysis indicated that there were numerous CD20^+^ B cells in the neck ([Figure 3](#fig3){ref-type="fig"}E) and ear ([Figure 3](#fig3){ref-type="fig"}F) LNs of the S3-2 monkey; however, there were little ([Figure 3](#fig3){ref-type="fig"}G) or no ([Figure 3](#fig3){ref-type="fig"}H) B cells in the LNs from the DrpZ17 monkey. Similarly, by using fluorescence-activated cell sorting (FACS) analysis, we found that there were increased B cells in the LN tissues of the TLHM6 rejection monkey compared with the peripheral blood mononuclear cells (PBMCs) from the TLHM6 or normal monkey ([Figure S4](#mmc1){ref-type="supplementary-material"}). These results indicated that *in vivo* animal models with allogeneic iPS-RPE cells have B cell infiltration in the draining LNs, as well as in intraocular tissues such as the retina.Figure 3Immunohistochemistry of the Lymph Nodes (LN) in S3-2 and DrpZ17 MonkeysH&E-stained LN tissues of an S3-2 rejection monkey (MHC haplotype-mismatched allograft; 1121A1 iPS-RPE sheet) or a DrpZ17 non-rejection monkey (MHC haplotype-matched allograft; 1121A1 iPS-RPE sheet) at 6 months after iPS-RPE transplantation are shown for histological interpretation.(A--D) S3-2 neck LNs (A), DrpZ17 neck LNs (B), S3-2 ear LNs (C), and DrpZ17 ear LNs (D). Scale bars, 200 μm.(E--H) Photomicrographs show IHC labeling of S3-2 or DrpZ17 monkey LN tissues for CD20. Nuclei are co-stained with DAPI (blue). Whereas many CD20^+^ cells (E and F) had invaded the swollen LN tissues in the neck of the S3-2 monkey, little (G) or no (H) CD20^+^ cells had invaded the non-swollen LN tissues in the DrpZ17 monkey. Scale bars, 20 μm.

B Cells in PBMCs Respond to Allogeneic iPSC-Derived RPE Cells *In Vitro* {#sec2.4}
------------------------------------------------------------------------

We next examined whether B cells in the periphery could respond to allogeneic iPS-RPE cells and whether B cells exposed to the RPE cells could be activated *in vitro*. Mixed lymphocyte reaction (MLR) assays were conducted as described in our previous reports ([@bib19], [@bib20]). In the MLR assays using PBMCs prepared from TLHM6 monkeys, fresh PBMCs prepared at 8 weeks after operation proliferated when co-cultured with allogeneic iPS-RPE cells ([Figure 4](#fig4){ref-type="fig"}A), e.g., CD4^+^ cells (helper T cells), CD8^+^ cells (cytotoxic T cells), CD20^+^ cells (B cells), and CD56^+^ cells (NK/NKT cells) in PBMCs showed higher proliferation in the presence, than the in absence, of RPE cells. The same PBMCs cultured with allogeneic monkey B cell lines (B95-8) as a positive control showed high proliferation (data not shown). Moreover, CD20^+^ B cells in PBMCs and LN tissues prepared from TLHM6 monkeys at 8 weeks post operation that were exposed to iPS-RPE cells highly expressed MHC-II and CD86 (B7-2) co-stimulatory molecules compared with CD20^+^ B cells in PBMCs only ([Figure 4](#fig4){ref-type="fig"}B) or LN cells only ([Figure 4](#fig4){ref-type="fig"}C) without RPE cells. In contrast, CD20^+^ B cells in PBMCs from a K-254 normal monkey failed to be activated by the iPS-RPE cells *in vitro* ([Figure 4](#fig4){ref-type="fig"}D). These data suggested that memory-activated B cells against transplanted iPS-RPE cells may exist and circulate in the periphery of the monkey with the immune attack.Figure 4Mixed Lymphocyte Reaction Assays with PBMCs from the TLHM6 Monkey plus Transplanted iPSC-derived RPE Cells(A) To evaluate the PBMC-RPE MLR assay using allogeneic iPS-RPE cells, fresh PBMCs (2 × 10^6^ cells/well) prepared from a TLHM6 monkey at pre-operation (pre-OPE) or at 8 weeks post-OPE were cultured with 46a iPS-RPE cells for 96 hr. Before the assay, the RPE cells were irradiated (20 Gy), and 1 × 10^4^ cells were cultured in a 24-well plate. Following the assay, the PBMCs were stained with anti-CD4, anti-CD8, anti-CD11b, anti-CD20, anti-CD56, or anti-Ki-67 antibody (plus each isotype control antibody) at 4°C for 30 min and then analyzed using flow cytometry. Compared with the PBMCs pre-OPE, all cell types in the PBMCs at post-OPE, except for CD11b^+^ cells, had greatly proliferated after co-culture with allogeneic iPS-RPE cells. Numbers (%) in the histogram indicate double-positive cells (e.g., CD4^+^/Ki-67^+^).(B--D) Expression of MHC class II (MHC-II) and CD86 (B7-2) co-stimulatory molecules on B cells exposed to iPS-RPE cells. PBMCs or LN cells in the presence of iPS-RPE cells were stained with anti-MHC-II, anti-CD86, and anti-CD20 antibodies and analyzed using flow cytometry. (B) TLHM6 PBMCs (post-OPE, 8W), (C) TLHM6 LN cells (post-OPE, 16W), and (D) K-254 PBMCs (normal control). Numbers (%) in the histogram indicate double-positive cells (e.g., CD20^+^/MHC-II^+^).

B Cells Fail to Respond to Allogeneic iPSC-Derived RPE Cells in the Presence of Medication {#sec2.5}
------------------------------------------------------------------------------------------

We next examined the effect of some suppressive medications in the *in vitro* RPE-PBMC MLR assay. For this purpose, we chose cyclosporin A, triamcinolone acetonide, betamethasone, and prednisolone because we generally use these drugs for patients with intraocular inflammatory disorders in Japan. All of these medications suppressed the PBMC response to allogeneic iPS-RPE cells using PBMCs prepared from TLHM6 monkeys at 12 weeks post operation ([Figure 5](#fig5){ref-type="fig"}A). However, these medications showed different efficacies; e.g., triamcinolone greatly suppressed T and B cell responses in PBMCs from a TLHM6 transplanted monkey to allogeneic iPS-RPE cells, whereas betamethasone showed poor efficacy ([Figure 5](#fig5){ref-type="fig"}A).Figure 5MLR Assay with Monkey PBMCs and Allogeneic iPS-RPE Cells in the Presence of MedicationFollowing PBMC-RPE MLR assay plus medication *in vitro*, CD4^+^/Ki-67^+^ (proliferated helper T cells), CD8^+^/Ki-67^+^ (proliferated cytotoxic T cells), and CD20^+^/Ki-67^+^ (proliferated B cells) cells were evaluated using flow cytometry. Compared with PBMCs from the TLHM6 monkey at 12 weeks (12W) post operation (post-OPE; A) or with PBMCs from the TLHM15 monkey (pre-OPE; B) incubated with 46a RPE cells, none of the cell types of PBMCs proliferated in the presence of medication such as cyclosporin A (CsA), triamcinolone (TA), betamethasone (Beta), or prednisolone (PSL). Numbers (%) in the histogram indicate double-positive cells (e.g., CD4^+^/Ki-67^+^).

We confirmed the effect of triamcinolone in the *in vitro* RPE-PBMC MLR assay using blood cells from a pre-operation TLHM15 monkey. As shown in [Figure 5](#fig5){ref-type="fig"}B, triamcinolone and other medications such as cyclosporin A, betamethasone, and prednisolone suppressed the PBMC response to allogeneic iPS-RPE cells. Thus, T cells (CD4^+^ and CD8^+^) and B cells in PBMCs responded to allogeneic iPS-RPE cells, while triamcinolone greatly suppressed these lymphocyte responses. We therefore chose triamcinolone to control ocular inflammation after allogeneic iPS-RPE cell transplantation in subsequent experiments.

Efficacy of Local Steroid Injection for Prevention of Immune Rejection of Allogeneic iPS-RPE Cells in an *In Vivo* Animal Model {#sec2.6}
-------------------------------------------------------------------------------------------------------------------------------

We next transplanted allogeneic iPS-RPE cells into the eye of an MHC haplotype-mismatched monkey donor (TLHM15) together with intravitreal triamcinolone acetonide (IVTA) and sub-Tenon triamcinolone acetonide (STTA). We performed IVTA injection on day 0 (operation day) and then performed STTA injection 4 weeks after surgery.

In the evaluation of the graft, there were no rejection signs around the RPE graft, including histological retinal findings ([Figures S5](#mmc1){ref-type="supplementary-material"}A--S5D). In IHC analysis, there was no enhanced staining of IgG ([Figure S5](#mmc1){ref-type="supplementary-material"}E) in the retina or RPE layer, and there were no CD20^+^ ([Figure S5](#mmc1){ref-type="supplementary-material"}G) or CD40^+^ ([Figures S5](#mmc1){ref-type="supplementary-material"}F and S5G) cells throughout the section.

Compared with the results obtained in the RPE-PBMC MLR assay using PBMCs from the TLHM6 monkey (see [Figure 4](#fig4){ref-type="fig"}), proliferation of PBMCs from the TLHM15 monkey in this assay was poor, including B cell proliferation, even if PBMCs were collected after transplantation ([Figure S5](#mmc1){ref-type="supplementary-material"}H). Moreover, the expression of MHC-II and CD86 molecules was not upregulated even when CD20^+^ B cells in PBMCs from the TLHM15 monkey were exposed to iPS-RPE cells ([Figure S5](#mmc1){ref-type="supplementary-material"}I). Thus, although allogeneic iPS-RPE cells have B cell-mediated inflammation in the retina after transplantation, there were no rejection signs, including no B cell filtration into the retina, in allogeneic iPS-RPE explanted animals when IVTA/STTA injection was performed.

Detection of RPE-Specific Antibody in iPSC-RPE Transplanted Animal Models {#sec2.7}
-------------------------------------------------------------------------

Thus far, the results from *in vivo* and *in vitro* studies demonstrated that B cells, as well as T cells and APCs, play an important role in the inflammatory processes in iPS-RPE cell allografts after transplantation. Therefore, as a final step, we examined whether iPS-RPE cell transplanted monkeys had RPE-specific antibody (RSA) in the serum. For this assay, we collected the sera from several operated monkeys and prepared explanted graft iPS-RPE cells. After RPE cell fixation, we determined whether antibodies present in the serum could detect RPE cells using IHC. The iPS-RPE cells (46a RPE cells or 1121A1 RPE cells) were clearly much more strongly stained with the sera from TLHM1 ([Figure 6](#fig6){ref-type="fig"}A) and S3-2 ([Figure 6](#fig6){ref-type="fig"}C) monkeys that had immune attacks after transplantation compared with the staining of the serum from a normal K-151 monkey ([Figure 6](#fig6){ref-type="fig"}D). Conversely, the sera from TLHM15 monkeys that did not have immune attacks because of steroid injection failed to stain the RPE cells ([Figure 6](#fig6){ref-type="fig"}B). Other sera (taken at 1, 2, 4, 8, and 12 weeks after surgery) from TLHM15 monkeys also gave similar results, i.e., there was no RPE cell staining (data not shown). Similar results were also obtained using the serum from a DrpZ17 monkey that was transplanted with iPS-RPE cells ([Figure S6](#mmc1){ref-type="supplementary-material"}). These results suggested that the transplanted monkeys with an immune attack may have alloreactive RPE-specific antibodies in their sera.Figure 6Detection of RPE-Specific Antibody in iPSC-RPE Cell Transplanted Animal ModelsThe sera from several operated monkeys (all 12 weeks after surgery) were collected, and transplanted iPS-RPE cells were prepared. After RPE cell fixation, immunohistochemistry was performed for RSA detection using the diluted sera. Nuclei were counterstained with DAPI.(A--D) 46a RPE cells + serum from a TLHM1 monkey, (B) 46a RPE cells + serum from a TLHM15 monkey that received injection into the eye, (C) 1121A1 RPE cells + serum from an S3-2 monkey, and (D) 46a RPE cells + serum from a normal K-151 monkey. Scale bars, 200 μm.

We also regularly collected and tested the sera (0, 1, 4, 6, 8, 12, and 16 weeks) from TLHM6 monkeys after transplantation. Although the transplanted RPE cells did not stain with the serum collected at 0, 1, or 4 weeks, the cells were strongly stained with the serum collected at 6 weeks ([Figure 7](#fig7){ref-type="fig"}A). Interestingly, the serum collected at 8 or 12 weeks did not stain the RPE cells, whereas the serum that was collected at 16 weeks, which was after the second operation for the left eye, clearly stained the RPE cells. When the mean fluorescence intensity in confocal microscopy was compared, the mean fluorescence intensity of the staining of the serum collected at 6 or 16 weeks was significantly increased compared with that of the control serum (0 weeks, before transplantation; [Figure 7](#fig7){ref-type="fig"}B). However, the intensity of the staining of the serum collected at 8 or 12 weeks was not increased, which indicates that the RPE cells were not stained with these sera. These results imply that the transplanted animal may have an eye-specific systemic immunosuppression such as an anterior chamber-associated immune deviation (ACAID) ([@bib17], [@bib25]) because the graft RPE cells were recognized by immune cells as allografts.Figure 7Quantitative Evaluation of RSA Detection in iPS-RPE Cell Transplanted Rejection MonkeysWe regularly collected the serum at 0, 1, 4, 6, 8, 12, and 16 weeks (W) after transplantation in a TLHM6 rejection model.(A) Immunofluorescence analysis of 46a iPS-RPE cells incubated with the serum from the TLHM6 monkey. Nuclei were counterstained with DAPI (blue). PC, positive control staining. Scale bars, 50 μm.(B) Quantification of immunofluorescent staining of RPE cells by monkey sera. The mean fluorescence intensity with confocal microscopy obtained by staining with the sera from TLHM6 monkeys is indicated (left panel). The right panel indicates the results of incubation with the sera from a DrpZ17 monkey (collected at 0, 1, 2, 4, 8, 12, and 24 weeks after transplantation) with MHC homozygote iPS-RPE cells (MHC haplotype-matched transplantation). ^∗^p \< 0.05, compared with the control (0 weeks, before transplantation; open bar).(C) Mean fluorescence intensity with confocal microscopy of staining of 46a iPS-RPE cells by the serum from the TLHM6 rejection monkey that was collected at 6 weeks after transplantation. Before incubation, the 46a iPS-RPE cells were pretreated with mouse IgG (1), anti-MHC-I antibodies (2), anti-MHC-II antibodies (3), or both antibodies (4). ^∗∗^p \< 0.005, compared with the control (isotype control, open bar). Data are the means ± SEM of three independent experiments.

Conversely, throughout the evaluation period, no RPE staining was obtained using the serum from a DrpZ17 monkey with MHC homozygote iPS-RPE cells ([Figure 7](#fig7){ref-type="fig"}B). Moreover, the sera from animals with an immune attack failed to stain the RPE cells if the cells were pretreated with both anti-MHC class I and class II blocking antibodies ([Figure 7](#fig7){ref-type="fig"}C). These results suggested that the alloantibodies might include MHC (HLA)-specific antibodies.

Discussion {#sec3}
==========

In this study, we demonstrated that there were rejection signs in transplants of allogeneic iPS-RPE cells into MHC haplotype-mismatched monkey eyes; namely, there was ocular inflammation after transplantation. Transplantation of allogeneic iPS-RPE cells resulted in alloantibody-mediated immune attacks in the retina, in addition to T cell and APC immunity. Importantly, we found enhanced staining of IgG around transplanted RPE grafts in the retina together with B cell invasion. Moreover, transplantation of human iPS-RPE cells (xenografts) resulted in immune attacks in the retina together with B cell invasion. The *in vivo* animal models with allogeneic iPS-RPE cells had B cell infiltration in the draining LNs as well as in the retina. In the *in vitro* RPE-PBMC MLR assay, B cells in PBMCs proliferated when co-cultured with allogeneic iPS-RPE cells. The B cells in PBMCs or in LN tissues that were exposed to iPS-RPE cells strongly expressed MHC class II and CD86 co-stimulatory molecules. However, there were no rejection signs and no B cell invasion in the retina of the RPE grafts if local steroid administration was performed. Importantly, we detected RSA in the monkeys that had an immune attack when we conducted an immunofluorescent assay to detect alloantibodies using transplanted RPE cells and the sera collected from the recipient monkeys. Moreover, the timing of B cell invasion (CD20/CD40) in the retina and detection of RSA in the sera from transplanted monkeys was the same.

Consistent with our previous report ([@bib19]), there were rejection features, i.e., ocular inflammation including T cells and APCs (retinal microglia and macrophages in the choroid) following transplantation of allogeneic iPS-RPE cells into MHC haplotype-mismatched normal monkey eyes. The allogeneic iPS-RPE cells invoked T cell- and APC-mediated immune rejection in the retina, and ultimately the RPE grafts did not survive. As shown in this study, *in vivo* monkey models transplanted with allogeneic iPS-RPE cells had B cell invasion (CD20^+^ and/or CD40^+^ cells) in the retina and enhanced IgG staining (probably produced by infiltrating B cells in the retina) around the RPE grafts. In addition, we found numerous MHC class II-positive cells in the retina and choroid in immune attack eyes, suggesting that these inflammatory MHC class II-positive cells may include B cells and macrophages. Moreover, we could not find intraocular B cells (CD20^+^ and/or CD40^+^) in retinal sections even in those from some immune attack monkeys (data not shown). Our findings suggest that B cells may disappear from the local space after (or during) the end of inflammatory events.

Conversely, the eyes in MHC haplotype-matched monkeys did not have immune attacks, consistent with a previous study ([@bib19]). They had no B cell invasion, and the iPS-RPE cell grafts ultimately survived in the subretinal space. In addition, in iPS-RPE allografts of a monkey that received IVTA injection, there was no enhanced staining of IgG in the retina and RPE layer, and no B cells were detected in IHC staining of retinal sections, indicating that there was no immune attack. Thus, retinal inflammation may be controlled in MHC haplotype-matched retinal patients and/or by local steroid administration.

After transplantation with allografts, recipient T and B cells express receptors on their surface for antigens, and these receptors recognize transplantation antigens on the allografts. Upon recognition, these cells become activated, clonally expand, and differentiate into effector cells, e.g., B cells produce a variety of functionally diverse antibodies. Almost invariably, the initial recognition event occurs in secondary lymphoid organs such as LNs, and alloantigen-specific T and B cell proliferation and differentiation takes place in the LNs. Once generated, alloantigen-specific T and B cells disseminate through the recipient\'s blood vessels so that they can be delivered to graft sites. As shown in this study, the *in vivo* animal models with allogeneic iPS-RPE cells had T and B cell infiltration in swollen draining LNs, and the collected LN cells could be activated (upregulation of MHC class II and CD86 co-stimulatory molecules on B cells) when co-cultured with the transplanted iPS-RPE cells. These results suggested that donor-specific B cells and alloantibodies are carried via the blood vessels to the site of engraftment where they leave the blood and migrate into the transplanted RPE grafts to recognize the donor alloantigens again.

Rejection that is caused by antibodies is mediated by different mechanisms from rejection that is caused by T cells, and therefore requires other approaches for the diagnosis of inflammation after transplantation. Recent evidence supports the hypothesis that a subset of cases of rejection might be mediated by alloantibodies ([@bib4], [@bib9], [@bib21]). Circulating HLA-specific antibodies are common in patients with long-term organ allografts. In a clinical trial ([@bib21]), HLA-specific antibodies were detected in around 20% of patients with renal, heart, liver, or lung allografts. Several investigators have demonstrated that *de novo* antibodies, which first appear after transplantation (the patient is not pre-sensitized), that are specific for graft HLA class I and class II molecules are a risk factor for premature graft loss ([@bib12], [@bib13]). The graft failure was caused by the *de novo* antibodies and the presence of antibodies preceded graft failure in many renal cases. Therefore, circulating HLA-specific antibodies are typically present months to years before graft dysfunction. Thus, antibody-medicated graft injury might be slow to develop. In this study, we detected RSAs in the sera collected from immune attack monkeys using transplanted iPS-RPE cells as a source of antigen. Moreover, the sera from immune attack monkeys poorly stained the iPS-RPE cells when the RPE cells were pretreated with both anti-MHC class I and class II antibodies, suggesting that the alloantibodies (RSAs) may include HLA (MHC)-specific antibodies. Although transplanted iPS-RPE cells failed to stain with the sera collected at early stages after transplantation, i.e., at 0, 1, or 4 weeks, the RPE cells were stained by the serum that was collected at 6 weeks after transplantation, at which time the monkeys had begun to have immune rejection in the retina. Interestingly, compared with the positive staining of the serum collected at 6 weeks, the serum collected at 8 or 12 weeks failed to stain the RPE cells. However, the RPE cells were clearly stained by the serum collected at 16 weeks, i.e., 2 weeks after the second operation for the left eye. It is assumed that the monkey had acquired donor-specific systemic immunosuppression such as ACAID. Alloantibodies (RSAs) might disappear from the peripheral blood because of such eye-specific systemic immune deviation. In fact, in mouse ACAID models, neonatal RPE cells from C57BL/6 mice established a healthy appearance in the anterior chamber of the BALB/c donor, and the graft was ultimately accepted. Moreover, it was reported that mice bearing allogeneic RPE cells in the anterior chamber displayed ACAID phenomena ([@bib7]). Importantly, alloantigen insertion into the subretinal space also induced systemic immune deviation ([@bib16]). In mouse ACAID models, IgG~2~-secreting B cells were selectively suppressed after ACAID induction ([@bib25]). In fact, we detected regulatory T cells (Foxp3^+^ Treg cells) in the retina from immune rejection primates after iPS-RPE allografting (S.S., unpublished data), suggesting that RPE allografting into the subretinal space might induce Treg cells and systemic immune deviation. However, we have no evidence to support this notion at the moment since there has been no report regarding whether primates and humans have such immune deviation after retinal transplantation. We are currently considering performing ACAID experiments using monkey RPE-related rejection models to address this point.

In conclusion, we detected RPE-specific alloantibodies in immune attack animal models that had B cell invasion in the retina. The timing of B cell invasion into the retina and detection of RSA in the serum of the immune rejection monkey was almost the same. We are therefore currently establishing a protocol using human serum to determine whether we can detect RPE-specific antibodies in the serum of AMD patients (pre- or post-operation). For the diagnosis of immune attacks, the patient\'s serum should be collected at several time points throughout the follow-up period.

Experimental Procedures {#sec4}
=======================

Preparation of Monkey iPS-RPE Cells {#sec4.1}
-----------------------------------

We prepared iPSCs from normal cynomolgus monkeys, (1) 1121A1 iPSCs from the HT-1 MHC homozygote monkey, and (2) 46a iPSCs from the Cyn46 MHC heterozygote monkey ([@bib19]). The monkey iPSCs and iPS-RPE cells were established from cynomolgus monkeys as previously described ([@bib19]). We also prepared human iPS-RPE cells for transplantation ([@bib8]). The care and maintenance of the monkeys conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and the Use of Laboratory Animals, as well as to the Guidelines of the RIKEN CDB Animal Experiment Committee.

Transplantation of iPS-RPE Cells into the Subretinal Space of Monkeys {#sec4.2}
---------------------------------------------------------------------

Normal control cynomolgus monkeys (*Macaca fascicularis*: TLHM1, TLHM6, TLHM15, S3-2, K-151, K-189, and K-254) were purchased from the Shin Nippon Biomedical Lab., HAMRI Co., and Eve Bioscience Ltd. (Wakayama, Japan), and MHC controlled monkeys (haplotype identical: DrpZ17) were purchased from Ina Research Inc. (Nagano, Japan). For transplantation of iPS-RPE cells/sheets, a complete vitrectomy (Accurus, Alcon) was performed after anesthetization. The iPS-RPE cells/sheets were transplanted into the subretinal space as previously described in detail ([@bib8], [@bib19]). In order to enhance the inflammation, we pretreated the RPE cells with recombinant interferon gamma (100 ng/mL) for 48 hr before the transplantation. The transplanted cells were monitored by color fundus photographs, FA (both RetCamII and Clarity). and OCT (Nidek) at 1, 2, 4, 8, and 12 weeks and at 6 months after surgery.

Transplantation of an allogeneic monkey 46a iPS-RPE sheet into the subretinal space in a TLHM15 monkey was performed with local immunosuppression using IVTA injection. In vitrectomy, the iPS-RPE sheet was transplanted into the subretinal space, and triamcinolone acetonide (1 mg/50 μL in vitreous; MaQaid, Wakamoto Pharmaceutical) was subsequently injected into the vitreous space. After 4 weeks, STTA (1 mg/50 μL) was injected into the conjunctival space.

MHC Typing {#sec4.3}
----------

The results of MHC allele typing in TLHM1, -6, and -15 monkeys are summarized in [Table S1](#mmc1){ref-type="supplementary-material"}. The results of MHC allele typing in S3-2 and DrpZ17 monkeys were described in a previous report ([@bib19]). Genotyping of MHC-1 and MHC-II genes in cynomolgus monkeys was performed by pyrosequencing as described ([@bib15]).

Immunohistochemistry {#sec4.4}
--------------------

After monkey sacrifice, monkey eyes that were collected at 4, 8, or 12 weeks or at 6 months were fixed and embedded in paraffin (Sigma-Aldrich). Paraffin-embedded sections were sliced into 10-μm-thick sections in a series of five sequential slides by using an autoslide preparation system (Kurabo). Sections were blocked with 5% goat serum in PBS for 1 hr at room temperature. Primary antibodies against the following antigens were used: IgG (host, rabbit; Abcam, catalog no. ab109489), CD20 (host, rabbit; Abcam, catalog no. ab78237), and CD40 (host, mouse; BioLegend, catalog no. 334304), and the sections were incubated at 4°C overnight. CD3, MHC-II, and Iba1 staining in retinal sections was performed as previously reported ([@bib19]). After three rinses with Tween 20 in PBS, the sections were incubated with secondary antibodies for 1 hr at room temperature and counterstained with DAPI (Life Technologies). Images were acquired with a confocal microscope (LSM700, Zeiss). Each retinal layer (anatomy, ganglion cell layer; inner nuclear layer; outer nuclear layer; RPE; and choroid) in the section is shown in [Figure S1](#mmc1){ref-type="supplementary-material"}.

Mixed Lymphocyte Reactions with Monkey iPS-RPE Cells {#sec4.5}
----------------------------------------------------

PBMCs were isolated from healthy or transplanted monkey donors, and allogeneic immune responses were assessed for proliferation by Ki-67 incorporation into the PBMCs. PBMCs were cultured with 46a iPS-RPE cells or allogeneic monkey B cells (EBV-transformed B cells, B95-8) as a positive control. The culture medium used and the detailed methods were previously reported ([@bib19]). To avoid RPE cell proliferation during cell culture, we irradiated the RPE cells (20 Gy) before the assay. After 96 hr, the PBMCs were washed and analyzed using flow cytometry (Ki-67 proliferation assay by FACS).

Flow Cytometry {#sec4.6}
--------------

Expression of MHC class II (MHC-II) and CD86 (B7-2) co-stimulatory molecules on B cells in PBMCs was examined by FACS analysis. Before staining, these cells were incubated with an Fc block (Miltenyi Biotec) at 4°C for 15 min. The cells were stained with anti-CD20 (Miltenyi Biotec, catalog no. 130-091-108), anti-MHC-II (anti-human HLA-DP, DQ, DR, Dako, catalog no. Nr.F0817), or anti-CD86 (B7-2, eBioscience, catalog no. 53-0869) antibody or isotype control (mouse IgG) at 4°C for 30 min. PBMCs co-cultured with 46a iPS-RPE cells were also prepared.

For the Ki-67 proliferation assay by FACS analysis (BioLegend), the following antibodies were prepared: APC-labeled anti-CD4 (Miltenyi Biotec, catalog no. 130-091-232), anti-CD8 (eBioscience, catalog no. 17-0088), and anti-CD11b (Miltenyi Biotec, catalog no. 130-091-241); FITC-labeled anti-CD20 (Miltenyi Biotec, catalog no. 130-091-108) and anti-CD56 (BioLegend, catalog no. 304604); and PE-labeled anti-Ki-67 (BioLegend, catalog no. 350504). The harvested PBMCs and the PBMCs co-cultured with iPS-RPE cells were stained with these antibodies at 25°C for 40 min. All antibody information, including isotype controls, is provided in a previous report ([@bib19]). All samples were analyzed on a FACSCanto flow cytometer (BD), and data were analyzed using FlowJo software (Tree Star).

Detection of RPE-Specific Antibody {#sec4.7}
----------------------------------

Cultured monkey iPS-RPE cells (46a or 1121A1, 1 × 10^4^ cells/well) were re-cultured in a 96-well culture plate. After removal of the culture supernatants, the RPE cells were fixed with methanol (−30°C) for 15 min at −30°C, washed three times with PBS, and permeabilized with 0.2% Triton X-100 in PBS. Serum samples (TLHM1, TLHM6, TLHM15, S3-2, DrpZ17, and K-151) were collected after surgery. We also prepared iPS-RPE cells that were pretreated with anti-MHC-I (anti-human HLA-ABC, 5 μg/mL, eBioscience, catalog no. 14-9983) antibodies, anti-MHC-II (anti-human HLA-DR, DP, DQ, 5 μg/mL, BD Pharmingen, catalog no. 555557) antibodies, both antibodies (5 μg/mL each), or mouse IgG isotype control (5 μg/mL, eBioscience, catalog no. 14-4724).

Serum (×50 or ×100), anti-human nuclei antibody (positive control, 10 μg/mL, mouse IgG, Millipore, catalog no. MAB1281), anti-VEGF antibody (RPE control, 5 μg/mL, rabbit IgG, Abcam, catalog no. ab52917), and isotype control mouse IgG (negative control, 10 μg/mL, Abcam, catalog no. ab91353) were used as primary antibodies and incubated with the cells at 4°C overnight. The cells were then stained for 1 hr at room temperature with Alexa Fluor 488 anti-human IgG (1 μg/mL, Invitrogen, catalog no. A11013) for the serum samples, Alexa Fluor 488 anti-mouse IgG (1 μg/mL, Invitrogen, catalog no. A11029) for nuclei, or Alexa Fluor 488 anti-rabbit IgG (1 μg/mL, Invitrogen, catalog no. A11034) for VEGF or mouse IgG isotype control staining. Cell nuclei were counterstained with DAPI (5 μg/mL, Invitrogen, catalog no. D1306). We evaluated RSA detection of iPS-RPE cells using a fluorescence microscope (Olympus). At least three independent experiments were performed for IHC analysis. Statistical analyses were performed using Student\'s t test (paired t test). Values were considered statistically significant if p \< 0.05.
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